Festulolium is an intergeneric hybrid between Festuca and Lolium spp. that has agronomic benefits derived from both grass species. The genomic constitution of this intergeneric hybrid has been examined previously using genomic in situ hybridization (GISH). However, the genomic constitution of the first festulolium cultivar developed in Japan, 'Tohoku 1', which was released in 2009, has not yet been determined by GISH. We therefore developed a method for determining the genomic constitution of festulolium hybrids using multi-colored GISH and image analysis. GISH revealed numerous recombinant chromosomes with a relatively small proportion of the Festuca genome in Tohoku 1. Also, discriminating the origin of the species based on staining of the centromeres and nucleolar organizing regions in festulolium by GISH and FISH with an rDNA probe is difficult. The ratio of the Festuca-specific genome (f ratio) was tested for use as an evaluation index for estimating the genomic constitution of festulolium. Although the observed number of Festuca chromatins in Tohoku 1 was reduced during mitosis, the f ratio was stable throughout mitosis, indicating that the f ratio is a useful index for characterizing the festulolium genome.
Introduction
Festulolium is an intergeneric grass hybrid between Festuca and Lolium species. Through crossing, the hybrids acquire agronomic benefits typically associated with both genera, such as good persistence and a high tolerance to environmental stress from Festuca, and nutritional quality and high forage yield from Lolium (Humphreys et al. 2003 , Yamada et al. 2005 . Festulolium is a widely utilized forage grass that was introduced into Japan during the last half of the 20 th century. However, since most of the available festulolium was developed for cultivation in Europe and was adapted to the European environment, it was rarely cultivated in Japan. Consequently, to maximize the potential of festulolium in Japan, breeding programs for developing germplasm adapted to Japanese conditions were initiated by the National Agricultural Research Center for Hokkaido Region (NARCH), National Agricultural Research Center for Tohoku Region (NARCT) and National Institute of Livestock and Grassland Science (NILGS) (Yamada and Takamizo 2004) . The first cultivar developed in Japan, 'Tohoku 1', was developed by NARCT and released in 2009. It is expected that Tohoku 1, which was produced from existing festulolium cultivars to have improved winter hardiness and humidity resistance, will be widely cultivated in Japan. In addition, it is likely that the cultivar will also serve as a model plant for studying winter hardiness and humidity resistance. Thus, the genomic constitution of Tohoku 1, which has not yet been determined, could serve as a tool for studying agronomic traits/ genomic relationships in important grasses.
In situ hybridization (ISH) techniques are important tools in molecular cytological studies. The use of total genomic DNA as ISH probes (genomic in situ hybridization; GISH) (Schwarzacher et al. 1989) has made it possible to discriminate between the different genomes of hybrids by painting chromosomes. GISH has been used extensively to study plant species and the technique has been demonstrated to be a powerful tool for genomic studies (Raina and Rani 2001, Shishido et al. 2001) . In festulolium, Thomas et al. (1994) showed that GISH could discriminate between two genomes of triploid hybrids of Lolium multiflorum and Festuca pratensis. The ability to discriminate between chromosomes from Festuca and Lolium in festulolium using GISH was also demonstrated by Mizukami et al. (1998) , and an extensive review of the application of GISH to studies of festulolium has been conducted by Pašakinskiene and Jones (2005) .
Image analysis and processing are useful tools for objectively evaluating visual information, particularly in molecular cytology studies (Akiyama et al. 2004b (Akiyama et al. , 2006 , and extensive use of these techniques has been made in constructing quantitative idiograms of mitotic chromosomes in a variety of plant species (Akiyama et al. 2008 , Ito et al. Communicated by H. Tsujimoto Received May 25, 2010 . Accepted September 9, 2010 2000a, 2000b, Sakamoto et al. 1998) . Ohmido et al. (1998) mapped the physical position of BAC123, including the Pi-b gene, to be 93.92% from the centromere on chromosome 2 of rice using FISH and image analysis. In addition, FISH combined with image analysis can be used to estimate the size of a region of interest on a chromosome. For example, Akiyama et al. (2004a) showed that the size of the apospory-specific genomic region (ASGR) in Pennisetum squamulatum was approximately 50 Mbp.
The objective of this study was thus to develop a method for estimating the genomic constitution ratio of festulolium using a combination of GISH and image analysis, and to reveal the genomic constitution of Tohoku 1.
Materials and Methods

Plant materials
Two clones, "1119" and "1122", of festulolium cv. Tohoku 1, clone L503 from a tetraploid accession of Italian ryegrass (L. multiflorum Lam., 2n = 4x = 28), and clone MF07 from a tetraploid accession of meadow fescue (F. pratensis Huds., 2n = 4x = 28) were used as plant materials for this study. The plants were cultivated in pots containing fertilized granulated soil (Kureha Co., Tokyo, Japan) in a greenhouse at 25°C. Root tips were collected and pretreated for 24 hr by soaking in cold water on ice. The root tips were then placed in fixative solution (3 : 1 ethanol to acetic acid) and stored at 4°C until use.
Molecular cytological experiments
Molecular cytological experiments were carried out according to Akiyama et al. (2004a) with the following modifications. Total genomic DNA from clones L503 and MF07 was extracted by the cetyl trimethyl ammonium bromide (CTAB) method, and labeled with digoxigenin-11-dUTP (alkali-stable) (Roche, Basel, Switzerland) and biotin-16-dUTP (Roche) using a Nick Translation Kit (Roche), respectively. For the 45S ribosomal DNA (consisting of 25S, 18S and 5.8S), a plasmid containing 25S rDNA from rice was labeled by PCR with biotin-16-dUTP (Roche) or digoxigenin-11-dUTP alkali-stable (Roche). Slides were denatured at 85°C with 70% formamide in 2 × SSC for 70 sec and hybridized by incubation in a humid chamber at 37°C overnight. The labeled DNA on the slides was then detected with antidigoxigenin-fluorescein (Roche) and Texas-red streptavidin (Vector Laboratories, Burlingame, CA, USA). After GISH treatment, the slides were mounted in Vectashield mounting medium (Vector Laboratories) containing 1.5 μg/ml 4′, 6-diamidino-2-phenylindole, dihydrochloride (DAPI) and observed under a fluorescence microscope (Olympus BX51, Olympus Optical Co., Ltd., Tokyo, Japan) equipped with a DP70 CCD camera (Olympus Optical Co., Ltd.). The DAPI, fluorescein and Texas-red images were then captured in gray color mode and merged into a RGB pseudocolor image using Adobe Photoshop CS3 (Adobe Systems Inc., San Jose, CA, USA).
Image analysis
Analysis of 46 images from clone 1119 and 40 images from clone 1122 was conducted using Photoshop CS3 and ImageJ 1.42 (http://rsb.info.nih.gov/ij/) running on Windows 7 (Microsoft Corporation, Redmond, WA, USA) with a DTI-520 interactive pen display (Wacom, Saitama, Japan). Using the mask function in Photoshop, the DAPI images of each chromosome spread were then divided into two areas: one area consisting of F. pratensis-specific chromatin, and the other area consisting of a combination of the L. multiflorumspecific chromatin and the chromatin common to both species, according to the GISH results. The two areas were then separated and saved as separate images. The sizes of areas and the integrated intensity values of the extracted images were then analyzed using the "analyze particles" function in ImageJ. Specifically, the ratio of the Festuca-specific genomic component to the total festulolium genome (hereafter referred to as the f ratio) was then calculated using the integrated intensity values of Festuca-specific chromatin/all chromatin. Then, t-test and regression analyses were performed using the Analysis ToolPak add-in for Microsoft Excel 2003 (Microsoft Corporation).
Results
FISH and GISH of L. multiflorum and F. pratensis
The GISH results obtained using genomic DNA from L. multiflorum (Lm) and F. pratensis (Fp) are shown in Fig. 1A -H. Small and faint Fp signals were observed on the centromeres of L. multiflorum clone L503 (Fig. 1A-D) . On the other hand, Lm signals were observed on the centromeres and also on the secondary constrictions of four chromosomes in F. pratensis clone MF07 (Fig. 1E-H) , with three of four of these signals being stronger than the signals at the centromeres.
To confirm whether the signals on the secondary constrictions were due to repetitive 25S rDNA sequences, which comprise part of the 45S rDNA (hereafter referred to as 45S rDNA), in situ hybridization was carried out on the clones. Thirteen 45S rDNA loci were observed in clone L503 (Fig. 1I, L) , and separate satellite chromosomes, which were similar in size to the host chromosome bearing the 45S rDNA, were also observed (Fig. 1I, J) . These separate satellite chromosomes were also observed in clone MF07 and clones of Tohoku 1. Very faint Fp signals were observed at the 45S rDNA loci in clone L503, while four clear Lm signals (three strong and one weak) were observed at the 45S rDNA loci in clone MF07 ( Fig. 1M-P, white arrowheads) ; the position and signal intensity of these four Lm signals corresponded to 45S rDNA signals. Based on the analysis of four spreads from clone MF07, the percentage of 45S rDNA in the F. pratensis genome was estimated to be 1.44 ± 0.44%.
GISH in Tohoku 1
The two colors produced by the hybridization of the Lm and Fp probes were clearly detected in the Tohoku 1 genome (Fig. 1Q , data for clone 1122 is not shown). Based on the GISH results, the Lm and Fp chromatin in Tohoku 1 was digitally extracted (Fig. 1T, U) and the separated chromatin images from 46 samples of clone 1119 and 40 samples of clone 1122 were analyzed using ImageJ to calculate the f ratios. The f ratios for clones 1119 and 1122 were significantly different (15.51 ± 1.76% and 11.47 ± 1.92%, respectively, P < 0.01). To compensate for duplication of overlapping chromosome regions (Fig. 1R, red arrowhead) , the f ratio of clone 1119 was adjusted to 15.29 ± 1.76%.
Influence of mitotic progression
The relationship between total chromosome area and the f ratio of the clones is shown in Fig. 2 . Total chromosome area is an indication of the stage of mitotic progression; therefore, in Fig. 2 , mitosis is shown as proceeding from right to left along the x-axis as the chromosomes become increasingly condensed. Correlation coefficients of the relationships between total chromosome area and the f ratio were poor for clone 1119 (r = 0.14) and clone 1122 (r = 0.42). The relationship between chromosome area and the observed number of Festuca chromatins in the clones is shown in Fig. 3 . The maximum observed number of Festuca chromatins was 29 in clone 1119 and 37 in clone 1122. Correlation coefficients were relatively high for clone 1119 (r = 0.59) and clone 1122 (r = 0.77), and the regressions were statistically significant (P < 0.01).
Discussion
As in previous GISH studies in festulolium, we were able to discriminate Festuca and Lolium genomes in festulolium cv. Tohoku 1. In both of the Tohoku 1 clones analyzed here, all of the chromatin appeared either green (Lm probe) or red (Fp probe). In this study, we employed multicolored GISH to distinguish between the conserved genomic regions of Festuca and Lolium, which appears yellow in Fig. 1 due to mixing of the red and green. Since it is not possible to determine whether the yellow region was derived from Festuca or Lolium, we only considered those regions that were colored red as being derived from Festuca. Kopecky et al. (2008) reported that the diploid chromosomes of L. multiflorum were not stained by the Fp probe and that diploid F. pratensis contained two chromosomes with a single faint signal that was stained by the Lm probe. However, in this study, the small faint signals produced by both Fp and Lm probes were observed on centromeres as being yellow in color for both species. The reason why signals were observed on the centromeres of both species is related to the specific structure of the centromeres, i.e., the presence of pericentromeric heterochromatin and conserved centromere-specific repetitive sequences (Jiang et al. 1996) . Since the MF07 clone of F. pratensis is tetraploid, the observation of four signals in this study corroborates the findings of Kopecky et al. (2008) showing two Lm signals in F. pratensis. The signals were mapped to 45S rDNA loci, and their signal intensity corresponded with that of the 45S rDNA signal on the same locus. Thus, these results suggest that the intensity of the Lm signals in F. pratensis reflects the number of rDNA sequences. Based on observations of five diploid and two tetraploid F. pratensis cultivars, Lideikyte et al. (2008) showed that the number of 45S rDNA loci in F. pratensis was stable among cultivars, i.e., two loci in diploid cultivars and four loci in tetraploid cultivars, which corroborated our findings. However, the number of 45S rDNA loci in their study differed between individual plants and even within the same L. multiflorum cultivar; for example, the number of 45S rDNA loci ranged from 11 to 14 in L. multiflorum cv. Catalpa. Thomas et al. (1996) reported that the diploid L. multiflorum Bb 1906 has six 45S rDNA loci, implying that a tetraploid cultivar would have 12 45S rDNA loci. In this study, the observation that the tetraploid L503 clone of L. multiflorum had 13 45S rDNA loci is considered to reflect the diversity of the 45S rDNA loci present in L. multiflorum.
We regularly observed separate satellite chromosomes derived from host chromosomes, not only in L. multiflorum, but also in F. pratensis and festulolium; these satellite chromosomes are sufficiently large to be mistaken for chromosomes. Indeed, the variable number of chromosomes reported by Huang et al. (2008) in Lolium is likely to have been due to the presence of these satellite chromosomes, illustrating the importance of separating satellite chromosomes from whole chromosomes when counting the chromosomes in L. multiflorum, F. pratensis and festulolium. Recombinant chromosomes derived from Festuca and Lolium were observed in Tohoku 1. The two Tohoku 1 clones used in this study contained a large proportion of the Lolium genome relative to the Festuca genome, indicating that Tohoku 1 could be useful as breeding material for producing introgression lines of ryegrass. Canter et al. (1999) measured the total lengths of Lolium and Festuca chromatin in festulolium, and found that Lolium chromatin was longer than Festuca chromatin. Dominance of the Lolium genome in festulolium was also reported by Kopecky et al. (2005) , and Zwierzykowski et al. (2006) observed a reduction in the number of Festuca chromosomes in advanced generations of F. pratensis (4x) × L. multiflorum (4x) hybrids. Henikoff et al. (2001) proposed that both the centromere-specific histone H3 (CENH3) and centromeric DNA evolve rapidly, and that the interaction between CENH3 and centromeric DNA plays an important role in maintaining stable inheritance in eukaryotes; i.e., differences in centromere evolution create species barriers. Jiang et al. (2003) reviewed the divergence of centromere-associated repetitive DNA elements in plants, focusing on the interactions between CENH3 and the repetitive DNA elements. Using GISH, we demonstrated that centromeric DNA is conserved between F. pratensis and L. multiflorum and propose that this may explain why intergeneric hybridization is possible. On the other hand, differences in centromeric DNA between F. pratensis and L. multiflorum that could not be detected by GISH may have arisen due to a disruption in chromosomal stability in festulolium. Recently, Sanei et al. (2010) reported that, unlike Hordeum vulgare × H. bulbosum hybrids in which selective elimination of chromosomes from H. bulbosum occurs during embryo development, no marked alterations in chromatin properties were observed in interspecific hybrids of H. marinum and H. bulbosum. Further chromosome studies in F. pratensis and L. multiflorum are thus fundamental to elucidating the mechanisms responsible for the maintenance of chromosomal stability in festulolium.
Although the number of recombinant chromatins in a hybrid genome has widely been used as an index of genomic mixing, we showed that this number has a tendency to decrease with the progression of mitosis. Chromosome condensation causes the length of chromosomes to decrease during mitosis, reducing the number of recognizable GISH signals as resolution decreases. To accurately determine the number of recombinant chromatins, use of high resolution pachytene chromosomes at meiosis or mitotic prometaphase chromosomes is considered preferable. The f ratio described in this study was not affected by mitotic progression because the quantity of unrecognizable chromatin late in mitosis is small, even in the early stages of mitosis.
Previous studies examining the ratio of genomic composition in festulolium measured the length of chromatin in each genus using projectors or on a computer screen (Canter et al. 1999 , Zwierzykowski et al. 2006 . However, image analysis software simplifies quantitative evaluations of visual information and costs considerably less than previous methods. Compared with the target length analysis method, analysis of the integrated signal intensities in the region of interest is fast and efficient. In this study, we analyzed the integrated signal intensities of DAPI associated with the chromatins of the Festuca genome and the total genome of festulolium by image analysis. Since DAPI preferentially stains the dsDNA associated with AT clusters in the minor groove (Kubista et al. 1987) , the AT-rich regions in the chromosome have high signal intensity. Comparing DAPI staining with propidium iodide (PI) staining, which binds to DNA with little or no sequence preference, no difference was observed in L. multiflorum; however, differences in staining intensity between DAPI and PI were observed in the nucleolar organizing regions (NORs) of F. pratensis (data not shown). Since NORs are known to be rich in both GC and 45S rDNA (Hizume et al. 1992 , Kato et al. 2003 , the differences in staining intensity between DAPI and PI and the strong Lm signals in F. pratensis would be concentrated around NORs. Consequently, the NORs in F. pratensis are considered to be the main source of error in f ratio determination in festulolium. However, the small percentage of NORs in the genome means that the overall contribution of NORs in this regard is likely to be negligible.
Preparation of good chromosome specimens is the most important and difficult aspect associated with obtaining accurate f ratio estimates. In particular, obtaining good chromosome spreads with no overlap is very difficult. Although we utilized spreads with one or two overlaps in this study, we consider that an error compensation of less than 1% is a tolerable margin of error. The f ratio can also be used as an index for determining whether backcrossing is required for breeding programs producing introgression lines of ryegrass with traits of Festuca.
Since festulolium is an allogamous species, the genomic variability among individual plants can be predicted. In this study, we found a significant difference in the f ratio between two festulolium cv. Tohoku 1 clones. Future work will clarify the optimum number of sample plants required for estimating the f ratio and determine how the f ratio relates to the agronomic characteristics of festulolium hybrids. It is also possible that the f ratio may be useful for estimating the purity and stability of festulolium cultivars over time or generations. Service, USDA) for critical reading and proofreading the English of the manuscript. We are grateful to Mrs. Setsuko Takahashi, Mr. Hisashi Tamura and Keiya Tsunokake for their technical assistance. We also thank the National Institute of Livestock and Grassland Science for lending us the microscope system used in this study.
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